The effects of buffer layer on the fracture behavior and lifetime performance of lanthanum zirconate (La 2 Zr 2 O 7 ; LZO)-based thermal barrier coatings (TBCs) were investigated through thermally graded mechanical fatigue (TGMF) tests, which are designed to simulate the operating conditions of rotating parts in gas turbines. To improve the thermal durability of LZO-based TBCs, composite coats consisting of two feedstock powders of LZO and 8 wt.% yttria-doped stabilized zirconia (8YSZ) were prepared by mixing different volume ratios (50:50 and 25:75, respectively). The composite coat of 50:50 volume ratio was employed as the topcoat, and two types of buffer layers were introduced (25:75 volume ratio in LZO and 8YSZ, and 8YSZ only). These TBC systems were compared with a reference TBC system of 8YSZ. The TGMF tests with a tensile load of 60 MPa were performed for 1000 cycles, at a surface temperature of 1100 C and a dwell time of 10 min, and then the samples were cooled at room temperature for 10 min in each cycle. For the single-layer TBCs, the composite topcoat showed similar results as for the reference TBC system. The triple-layer coating (TLC) showed the best thermal cycle performance among all samples, suggesting that the buffer layer was efficient in improving lifetime performance. Failure modes were different for the TBC systems. Delamination and/or cracks were created at the interface between the bond and topcoats or above the interface in the single-layer TBCs, but the TBCs with the buffer layer were delaminated and/or cracked at the interface between the buffer layer and the topcoat, independent of buffer layer species. This study allows further understanding of the LZO-based TBC failure mechanisms in operating conditions, especially in combined thermal and mechanical environments, in order to design reliable TBC systems.
Introduction
Thermal barrier coating (TBC) systems have been widely applied in hot section parts of gas turbine engines to provide thermal protection to metallic components from high temperature service environments [1, 2] . Obviously, TBCs protect the underlying substrate against the high temperature oxidation and corrosion, enhance the operational life of hot section components, and increase the fuel efficiency of gas turbine engines by improving turbine inlet temperature (TIT). The fracture behavior and thermal durability of TBC systems are usually investigated in either thermal cycling or mechanical loading.
Especially, in the case of moving parts such as turbine blades, not only is a thermal gradient generated between the heating and cooling surfaces of a blade, but the centrifugal force also increases due to the rapid rotational speed of 3600 rpm [3] . Thus, the TBC system employed on turbine blades is subjected to both thermal and mechanical stresses, which may easily cause premature failures. Therefore, the lifetime performance of the TBC system, especially in the case of moving parts, should be evaluated in dual environments.
TBC systems usually consist of a superalloy substrate, an oxidation-resistant metallic bond coat, and a ceramic topcoat. The classic topcoat in a TBC system is 7-8 wt.% yttria-stabilized zirconia (ZrO 2 , 7-8YSZ) which has a high melting point (2680 C) [4] , relatively low thermal conductivity (2.0-2.3 W/m/K at ~1000 C for a fully dense sample; 0.9-1.2 W/m/K for 10-15% porosity) [5] [6] [7] , and favorable thermal stability [8, 9] . As the TIT is continuously increasing in gas turbines, there is a limitation in application of 8YSZ-
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4 coating systems, especially above 1200 C. YSZ transforms from the t phase to the tetragonal and cubic phases (t and c phases, respectively) by repetitive heating and cooling process above 1200 C, and then to the monoclinic (m) phase with a volume expansion of about 3-5 vol% in further operation, resulting in the spallation or delamination of the coating systems [4, 7] . To solve these problems, lanthanum zirconate (La 2 Zr 2 O 7 , LZO) has been proposed as a new material for TBC application. Compared to 8YSZ, LZO has a lower conductivity (1.5-1.8) W/m/K at 1000 C, no phase transition from room temperature to melting point, a lower oxygen ion diffusivity, which protects the bond coat and the substrate from oxidation [4, 9] , a lower coefficient of thermal expansion (CTE) (9.110 −6 -9.710 −6 K −1 for LZO, compared to 10.510 −6 -11.510 −6 K −1 for YSZ, bulk materials and coatings at 30-1000 C), and lower sintering ability [10] .
LZO does have shortcomings, such as lower CTEs and mechanical properties than 8YSZ. TBC systems with LZO can be used if the CTE of the LZO is selected to give a TBC system that is similar to a system with an 8YSZ coating, and the mechanical properties of the TBC systems with LZO are improved to be comparable with those of TBC systems with 8YSZ. However, there is no single material that satisfies all requirements for TBCs. Multilayer concepts have been put forward, which include an erosion-resistant layer as an outer layer, a thermal barrier layer, a corrosion-oxidationresistant layer, a thermal stress control layer, and a diffusion-resistant layer [11] . However, multilayered structures can produce artificial defects at the layer interfaces, which can cause delamination or cracking. Therefore, a double-layer top coat (DLC) system, based on the multilayer concept, has been shown to be an effective method to meet the demands of developing TBC systems [10, 12] . The DLC includes a ceramic topcoat layer, a ceramic
buffer layer, a bond coat layer, and a superalloy substrate. The buffer layer is introduced between the top and bond coats, which can reduce stresses generated at the interface due to the CTE mismatch between the top and bond coats during cyclic thermal exposure. In addition, in a previous study [13] , layered LZO-based TBCs were already investigated through furnace cyclic thermal fatigue, thermal shock, and jet engine thermal shock tests.
However, these methods evaluated the thermal durability in the cyclic thermal exposure, but not both thermal and mechanical stress environments.
In this study, LZO-based TBC systems with a layered topcoat structure were designed using blended feedstock of LZO and 8YSZ powders prepared by mixing in different volume ratios. Three types of the layered LZO-based TBCs were tested at room temperature and 1100 C under a tensile load of 60 MPa to simulate a gas turbine blade subject to centrifugal force and high temperature gas flow, using a thermally graded mechanical fatigue (TGMF) test. The thermal durability and fracture behavior of the layered LZO-based TBCs were investigated and compared with those of the single-layer
TBCs. The effects of the buffer layer structure and species at the interface on the lifetime performance of TBCs were also investigated through TGMF tests.
Experimental Procedure

Starting materials and sample preparation
The substrate was an approximately 5.5 mm thick nickel-based superalloy (Hastelloy-X, nominal composition of 47Ni-22Cr-18Fe-9Mo, in wt.%). The dimensions of the sample are shown in Fig. 1(A) . The surface was blasted using alumina powder with a particle size of 60 mesh and then cleaned before deposition. The bond coat was prepared 
TGMF test
The delamination and facture behaviors of TBCs in a combined thermal and mechanical stress environment, particularly for a turbine blade with a specific amount of the mechanical and thermal stresses, were investigated through TGMF tests. The apparatus, schematic diagram, and test condition of the TGMF test are shown in Fig. 3 The criteria that were adopted for failure in the TGMF tests were more than 50% spalling
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8 of the region, or cracking in the top coat and/or at the interface.
Characteristics
For microstructure analysis before and after TGMF testing, the samples were divided into three portions due to the difference in thermal fatigue phenomenon. In this investigation, the sectional views of chosen portions are perpendicular and parallel to the tensile loads applied to the samples. The selected portions of samples were preprocessed to observe the cross-sectional microstructure before and after the TGMF tests. The samples were cold-mounted using epoxy resin, polished using silicon carbide paper and then final polished using 3 m and 1 m diamond pastes. The cross-sectional microstructures of the TBC samples were observed using a scanning electron microscope (SEM, Model JSM-5610; JEOL, Tokyo, Japan) in backscattered electron image mode. Delamination at the interface between the buffer layer and top coat, and the effect of tensile load on the samples in the thermal environment were observed through these microstructures.
Results and discussion
Characterization of as-prepared samples
VPS process was used to prepare the bond coat of sample A in the reference sample, showing a denser microstructure and lower oxide contents than others prepared by APS process [14] . All of the samples showed an irregular surface roughness at the interface between coating layers and a sound condition without obvious cracks, thermally grown oxide layers, and delamination at the interfaces, as shown in Fig. 2 . The SLC (sample B), The effects of the thickness differences were not considered in this investigation because the implication was negligible on thermal durability according to previous studies, although a thick coating may cause thermal and residual stresses [16, 17] . The top and bond coats of sample A were prepared using the APS and VPS processes, respectively.
Fracture behavior analysis in TGMF test
TGMF testing technique was first developed in late 1990
's [18, 19] . In these designs, the samples were in cylindrical shape. Mechanical loading was imposed on the sample by a servo hydraulic testing machine. For simultaneous heating around the sample, the radiation of multiple quartz lamps was focused onto the sample by using elliptical mirrors. A temperature gradient was generated from the inner cooling of the sample by controlled air flow. In this study, a flat sample geometry shown in Fig. 1 
was employed. This simplifies the
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10 setup of experiment and also sample preparation. The photographs at the surfaces and sides of all samples after the TGMF tests at 1100 C and tensile loads of 60 MPa for 1000 cycles are shown in Fig. 4, and [20] , suggesting higher residual stress should be generated between the bond and top coats when the bond coat with NiCoCrAlY composition is used in the LZO composite coatings.
The cross-sectional microstructure of samples after the TGMF tests is shown in Fig. 
5, including schematic diagram for observing microstructures with the flame position and the direction of applied load. Figure 5 is the microstructures observed at the center of the flame
in the parallel direction of the applied load. In the reference sample (Fig. 5(A) ), the vertical cracks, which are perpendicular to the direction of tension load, and the parallel cracks at the interface between the bond and top coats, were generated. SLC and DLC TBCs (Fig. 5(B The fracture behavior can be well defined in the highly magnified microstructures.
Therefore, comparisons of highly magnified microstructures in the parallel direction are
shown in Figs 6 and 7 , which show portions of tested samples at the center and the edge of the flame, respectively. The highly magnified cross-sectional microstructures for the parallel direction of the applied load are shown in Fig. 6 . The SLC TBCs showed similar crack propagation behavior in parallel cracking, which is usually created within 150 m from the interface, while the parallel crack was formed between the buffer layer and the top coat, or near the interface in the DLC TBC, with a vertical crack passing the buffer layer (Fig. 5 (C) ). However, sample D displayed more remarkable thermal durability in TGMF tests, with narrow vertical cracks near the surface and an otherwise sound condition.
In the comparison of LZO-based TBCs, the CTE mismatch between the bond coat and the composite top coat was reduced by introducing the buffer layer, and the mismatch could be more reduced with relatively graded composition [21] . It may be assumed that small cracks that propagated vertically in the regions of initial tensile stress will grow into larger 12 cracks near the top coat boundary. The parallel cracks at the interface between the buffer layer and the top coat, and/or between the bond and top coats, indicated that the thermal and residual stresses were induced as a result of the CTE mismatch [22] . properties. Therefore, the buffer layer could reduce the CTE mismatch between the bond coat and topcoat effectively, and the TLC TBCs samples showed superior thermal durability and fracture resistance. In Fig. 8 , the cross-sectional microstructures of the portions are perpendicular to the tensile load in the TGMF test. Cracks were not found in the highly magnified microstructure in the parallel direction in Fig. 9 . The crack initiation and propagation behaviors were affected by the direction, showing sound condition in the vertical direction to the applied load. This phenomenon could surmise that the perpendicular cracks to the tensile load constituted the primary fracture behavior in the TGMF test. The fracture behavior was initiated on the surface of the ceramic coating, propagated towards to the interface between the top coat/buffer layer and bond coat, and transverse cracks were deflected at that interface [23] . The interface cracks within the top coat layer, propagating parallel to that interface, finally resulted in the spallation of the ceramic coating [24] . It was expected that transverse cracks in the topcoat layer should deflect at the interface between the ceramic coat and bond coat due to the difference in mechanical properties between metal and ceramic materials [23] . The fracture behavior in this investigation compares well with previous work on brittle coatings [25] [26] [27] [28] .
Conclusions
The lifetime performance of LZO-based TBCs was investigated through TGMF tests and the following conclusions were obtained. Multilayered TBCs using composite Table 1 A C C E P T E D M A N U S C R I P T
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Research Highlights:
 Multilayered LZO-based TBCs were well prepared using composite powders.
 The lifetime performance of LZO-based TBCs was investigated through TGMF test.
 TBC with triple-layered top coat showed the most outstanding thermal durability.
 Crack initiation and its growth behavior were affected by the direction of applied load.
